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摘要 
近来，由于持续增长的能源危机和环境保护意识，光伏器件已成为一个热
门的课题。许多研究都集中在如何提升这类使用氧化物半导体，如 ZnO，
TiO2，的太阳能电池和光电化学电池（PEC）的效率上。这些氧化物半导体有
这大且固定的带隙，使得它们都不能有效地吸收太阳光的可见光区域，从而导
致电池效率低下。一个可选的策略是在纳米线 外包裹一层窄带隙半导体，例如
ZnSe，CdSe，CdS，PbSe 和 ZnCdSe，应用这个方法已经把材料的吸收拓展至
可见光区域。由于光俘获范围有限以及光激发电子注入效率低等原因，大部分
的这种核壳结构的光电转化效率（PCE）都较低。相比起二元材料，通过控制
组分，三元合金 ZnCdSe 具有带隙可调的优点，这点可用于获得更高吸收和更
合适的能带结构，从而实现转化效率的提升。.尽管有着这些优点，ZnxCd1-xSe
壳层的低晶体质量会降低电池效率。人们投入了很多的努力在提高晶体质量和
优化能带结构。然而，由于组分不易控制，鲜有直接利用 CVD 方法制备合金壳
层的报道。 
本文利用化学气相沉积法（ CVD ）直接制备了 ZnO, ZnO/ZnSe, ，
ZnO/CdSe， ZnO/ZnxCd1-xSe 同轴纳米线。此外，通过实验表征这些纳米线来研
究它们的形貌，结构和光学性质。在上述核/壳结构的基础上制作了太阳能电池
并评估了电池的光伏性能。 
本文主要结果如下所示： 
(1) 使用 CVD 方法在 AZO 衬底上制备出了垂直有序排列的 ZnO 纳米线阵列。扫
描电子显微镜（SEM）和 X 射线衍射谱（XRD）的表征测试结果显示 ZnO 纳米线优先
生长择向为纤锌矿结构的（001）方向。深紫外-可见光透射谱和光致发光谱（PL）表
明了 ZnO 纳米线阵列有这较好的晶体质量。 
(2) 使用 CVD 方法在 ZnO 纳米线阵列的表面沉积了 ZnSe 和 CdSe 壳层。通
过改变生长条件，如生长时间、源材料和衬底之间的距离，可以控制壳层的尺
寸。形貌和结构的研究证实在 ZnO 核的外侧形成了壳层。透射谱显示通过增加
窄带隙半导体作为壳层材料，如 ZnSe 或者 CdSe，吸收边能被最大化延伸至可
见光区域。 
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(3) 使用共蒸发 CVD 法制备了壳层组分可调的 ZnO/ZnxCd1-xSe 同轴纳米
线。为了控制壳层的形貌与结构，我们对不同的生长条件进行了研究。三元合
金 ZnCdSe 壳层的组分可以通过改变源和衬底之间的距离来调控。XDR 结果显
示壳层的结构由闪锌矿（ZB）渐变为纤锌矿（WZ），随着 Zn 含量的减少，
ZnCdSe 合金的特征峰位移动至更小的角度，这进一步证实了组分的变化。透射
电子显微镜（TEM）显示了在 ZnO/Zn0.51Cd0.49Se 中生长了一层共格的纤锌矿界
面层。共格层能抑制晶相转变，这有利于降低适配应力和提高晶体质量。透射
谱分析表明纳米线的有效带隙能通过调控组分降低到 2.67 eV 到 1.74 eV。 
(4) 我们使用了 ZnO/ZnSe，ZnO/CdSe 和 ZnO/ZnCdSe 核/壳纳米线阵列组装了太阳
能电池并测试了电池的光伏性能。I-V 特性显示了 ZnO/Zn0.51Cd0.49Se 纳米线电池效
率最高，为 3.68%，对应的短路电流 (Jsc) 为 13.64 mA，开路电压(Voc)为 0.75 
V。入射单色光子-电子转化效率（IPCE）的最大值为 51%证实了该结构有着更
好的晶体质量和电荷分离效率。时间分辨光致发光谱（TPRL）测试显示
ZnO/Zn0.51Cd0.49Se 有最长的载流子寿命，这有助于提高电荷收集效率。 
关键词：II 型异质结构；核/壳纳米线太阳能电池；ZnO/ZnSe；ZnO/CdSe；
ZnO/ZnCdSe。 
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Abstract 
Recently, photovoltaic devices have been a subject of great interest due to the 
growing awareness of energy crisis and environmental protection. Many studies have 
been focused on increasing the efficiency of solar cells or photo-electrochemical 
(PEC) cells using oxide semiconductors, such as ZnO, TiO2. These oxide 
semiconductors have large and fixed bandgaps, which individually can’t efficiently 
absorb sunlight in visible region and result in a low efficiency. An alternate strategy 
of coating nanowires with narrow bandgap semiconductors, such as ZnSe, CdSe, CdS, 
PbSe, and ZnCdSe, has been applied to extend their absorptions into visible region. 
Due to the limited light harvesting range and ineffectively photoexcited electron 
injection, most of these core shell structures give low photo conversion efficiency 
(PCE). As compared to the binary materials, the ternary alloy ZnCdSe has the 
advantage of tunable bandgap by controlling their composition, which offers to 
achieve higher absorption and more suitable band structure, resulting in improved 
PCE. In spite of these advantages, the low crystal quality in ZnxCd1-xSe shell shall 
diminish cell efficiency. Many efforts have been devoted to improve the crystal 
quality and optimize band structure. However, due to the challenge of controllable 
composition, there are very fewer reports on synthesis of alloy shell directly by CVD 
method. 
In this work, ZnO, ZnO/ZnSe, ZnO/CdSe, ZnO/ZnxCd1-xSe coaxial nanowires 
were synthesized directly by chemical vapor deposition (CVD) method. Furthermore, 
these nanowires were characterized to study their morphologies, structures, and optical 
properties. The solar cells were fabricated based on the above core/shell structures and 
their photovoltaic PV performances were evaluated as well. 
The major results of this work are given below: 
(1) The vertically well-aligned ZnO nanowire arrays were synthesized on AZO 
substrate using CVD method. Characterization results of scanning electron microscopy 
(SEM) and X-ray diffraction show the preferential growth of ZnO nanowire arrays with 
wurtzite (WZ) structure along (001) direction. UV-vis transmission and PL spectra reveal 
a good crystalline quality of ZnO nanowire arrays. 
(2) The ZnSe and CdSe shells were deposited on ZnO nanowire arrays by CVD 
method. By changing the growth conditions like growth time and distance between 
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source and substrate, the size of shell layer could be controlled. Morphologies and 
structural studies demonstrated the formation of shell layer on the ZnO core. The 
transmission spectra showed that by adding the shell layer of narrow band gap 
semiconductor, such as ZnSe or CdSe, the absorption edge could be extended to 
visible region. 
(3) The arrays of ZnO/ZnxCd1-xSe coaxial nanowires with tunable shell 
composition (0≤x≤1) were synthesized via co-evaporation CVD method. Different 
growth conditions were studied to control the morphology and structure of shell layer. 
XRD results disclosed that shell structure gradually evolved from ZB to WZ, and the 
characteristic peaks of ZnCdSe alloys shifted to smaller angles with the decrease of 
Zn content, confirming the variation in composition. TEM results revealed that a 
coherent WZ interfacial layer was grown in the ZnO/Zn0.51Cd0.49Se nanowire. This 
coherent layer was beneficial to reduce the mismatch stress and improved the crystal 
quality by suppressing the phase transition. Transmission analysis indicated that the 
effective bandgap of nanowires could be extended in a wide range from 2.67 eV to 
1.74 eV by composition tuning. 
(4) Solar cells were fabricated by assembling the ZnO/ZnSe, ZnO/CdSe and 
ZnO/ZnCdSe core/shell nanowire arrays and their photovoltaic performances were evaluated. 
I-V characteristics demonstrated a maximal efficiency of 3.68%, with short-circuit 
current density (Jsc) of 13.64 mA and open-circuit voltage (Voc) of 0.75 V for 
ZnO/Zn0.51Cd0.49Se nanowire cell. The maximum IPCE of 51% demonstrated the 
better crystal quality and higher charge separation efficiency. TRPL measurements 
demonstrated that the ZnO/Zn0.51Cd0.49Se nanowire had the longest carrier lifetime, 
which was in favor of high charge collection efficiency.  
 
Keywords: Type-II heterostructures; Core/shell nanowire solar cell; ZnO/ZnSe; 
ZnO/CdSe; ZnO/ZnCdSe. 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
ix 
 
目录 
第一章 简介……………………………………………………………...1 
1.1 世界能源危机…………………………………………………………………..1 
1.2 太阳光谱………………………………………………………………………..2 
1.3 太阳能电池原理…………………………………………………………..……3 
1.4 太阳能电池研究进展…………………………………………………….…….5 
1.5 II 型核/壳纳米线异质结构…………………………………………………….7 
1.5.1 半导体异质结构………………………………………………………...7 
1.5.2 II 型异质结构材料……………………………………………………...8 
1.6 II 型核/壳纳米线太阳能电池………………………………………………..10 
1.7 论文框架………………………………………………………………………12 
参考文献…………………………………………………………………………..14 
第二章 生长方法和表征技术………………………………………….23 
2.1 纳米线生长方法………………………………………………………………23 
2.2 表征技术………………………………………………………………………25 
2.2.1 扫描电子显微镜……………………………………………………….25 
2.2.2 能量色散 X 射线光谱仪………………………………………………27 
2.2.3 透射电子显微镜……………………………………………………….28 
2.2.4 X 射线衍射谱………………………………………………………….31 
2.2.5 光致发光谱…………………………………………………………….33 
2.2.6 深紫外-可见光吸收谱…………………………………………………34 
参考文献…………………………………………………………………………..36 
第三章 ZnO 纳米线的控制生长………………………………………38 
3.1 ZnO 纳米线阵列的合成……………………………………………………..38 
厦
门
大
学
博
硕
士
论
文
摘
要
库
x 
 
3.2 ZnO 纳米线阵列的控制生长…………………………………………...…...39 
3.2.1 生长温度对 ZnO 纳米线阵列生长的影响……………………………40 
3.2.2 氧流量对 ZnO 纳米线阵列生长的影响………………………………41 
3.2.3 锌气压对 ZnO 纳米线阵列生长的影响…………………………...….42 
3.3 ZnO 纳米线阵列的表征……………………………………………………...43 
3.3.1 形貌…………………………………………………………………….44 
3.3.2 材料结构……………………………………………………………….44 
3.3.3 光学性质……………………………………………………………….45 
3.4 小结……………………………………………………………………………46 
参考文献…………………………………………………………………………..47 
第四章 ZnO/ZnSe 和 ZnO/CdSe 同轴纳米线的合成及其光伏应用..50 
4.1 在 ZnO 纳米线阵列上控制生长 ZnSe 壳层………………………………...50 
4.1.1 温度对 ZnSe 壳层制备的影响………………………………………...51 
4.1.2 生长时间对 ZnSe 壳层制备的影响…………………………………...52 
4.1.3 生长距离对 ZnSe 壳层制备的影响…………………………………...53 
4.2 II 型 ZnO/ZnSe 核/壳纳米线的表征和光学分析…………………………54 
4.2.1 形貌…………………………………………………………………….54 
4.2.2 材料结构…………………………………………………………...…..55 
4.2.3 光学性质……………………………………………………………….58 
4.3 在 ZnO 纳米线阵列上控制生长 CdSe 壳层………………………………..58 
4.3.1 温度对 CdSe 壳层制备的影响………………………………………..59 
4.3.2 生长时间对 CdSe 壳层制备的影响…………………………………..60 
4.3.3 生长距离对 CdSe 壳层制备的影响…………………………………..61 
4.4 II 型 ZnO/ZnSe 核/壳纳米线的表征以及光学分析………………..……….62 
厦
门
大
学
博
硕
士
论
文
摘
要
库
xi 
 
4.4.1 形貌…………………………………………………………………….62 
4.4.2 材料结构……………………………………………………………….63 
4.4.3 光学性质……………………………………………………………….65 
4.5 小结……………………………………………………………………………66 
参考文献………………………………………………………………………..…67 
第五章 ZnO/ZnCdSe 同轴纳米线合成及光伏应用………………….69 
5.1 在 ZnO 纳米线阵列上控制生长 ZnCdSe 壳层……………………………..69 
5.1.1 温度对 ZnCdSe 壳层制备的影响……………………………………..70 
5.1.2 生长时间对 ZnCdSe 壳层制备的影响………………………………..71 
5.1.3 生长距离对 ZnCeSe 壳层制备的影响………………………………..72 
5.2 II型 ZnO/ZnCdSe核/壳纳米线的表征以及光学分析……………………..73 
5.2.1 形貌…………………………………………………………………….73 
5.2.2 材料结构……………………………………………………………….74 
5.2.3 光学性质……………………………………………………………….78 
5.3 ZnO/ZnxCd1-xSe 核/壳纳米线太阳能电池的制作………………………….79 
5.4 太阳能电池性能………………………………………………………………81 
5.4.1 I-V 特性及 IPCE……………………………………………………….81 
5.4.2 时间分辨光致发光谱研究…………………………………………….82 
5.5 小结………………………………………………………………...………….83 
参考文献…………………………………………………………………………..84 
第六章 总结…………………………………………………………….87 
参考文献………………………………………………………………………......90 
发表的论文……………………………………………………………..91
致谢……………………………………………………………………..92 
厦
门
大
学
博
硕
士
论
文
摘
要
库
xii 
 
Contents 
 
Chapter I Introduction.............................................................................1 
1.1 Energy crisis in the world..................................................................................1 
1.2 Solar Spectrum...................................................................................................2 
1.3 Basics of solar cell ..............................................................................................3 
1.4 Development of solar cells .................................................................................5 
1.5 Type II core/shell nanowire heterostructures .................................................7 
1.5.1 Semiconductor heterostructures................................................................7 
1.5.2 Type II heterostructure materials ..............................................................8 
1.6 Type II core/shell nanowire solar cells...........................................................10 
1.7 Thesis structure................................................................................................12 
References...............................................................................................................13 
Chapter II Growth methods and characterization techniques ..........23 
2.1 Nanowires growth method ..............................................................................23 
2.2 Characterization techniques ...........................................................................25 
2.2.1 Scanning electron microscope ................................................................25 
2.2.2 Energy dispersive X-ray spectroscopy....................................................27 
2.2.3 Transmission electron microscopy .........................................................28 
2.2.4 X-Ray diffraction ....................................................................................31 
2.2.5 Photoluminescence .................................................................................33 
2.2.6 UV-vis Absorption Spectroscopy ...........................................................34 
References...............................................................................................................36 
Chapter III Controlled growth of ZnO nanowire arrays ...................38 
3.1 Synthesis of ZnO nanowire arrays .................................................................38 
厦
门
大
学
博
硕
士
论
文
摘
要
库
xiii 
 
3.2 Controlled growth of ZnO nanowire arrays .................................................39 
3.2.1 Effect of growth temperature on ZnO nanowire arrays ..........................40 
3.2.2 Effect of oxygen flow rate on ZnO nanowire arrays ..............................41 
3.2.3 Effect of Zn vapor pressure on ZnO nanowire arrays.............................42 
3.3 Characterization of ZnO nanowire arrays ....................................................43 
3.3.1 Morphology.............................................................................................44 
3.3.2 Material Structures..................................................................................44 
3.3.3 Optical properties....................................................................................45 
3.4 Conclusions.......................................................................................................46 
References...............................................................................................................47 
Chapter IV Synthesis of ZnO/ZnSe and ZnO/CdSe coaxial nanowires 
for photovoltaic applications .................................................................50 
4.1 Control growth of ZnSe shell layer on ZnO nanowire arrays.....................50 
4.1.1 Effect of temperature on the ZnSe shell layer ........................................51 
4.1.2 Effect of growth time on the ZnSe shell layer ........................................52 
4.1.3 Effect of distance from source on ZnSe shell layer ................................53 
4.2 Characterization and optical analysis of type-II ZnO/ZnSe core shell 
nanowires ................................................................................................................54 
4.2.1 Morphology.............................................................................................54 
4.2.2 Material structure ....................................................................................55 
4.2.3 Optical properties....................................................................................58 
4.3 Control growth of CdSe shell layer on ZnO nanowire arrays.....................58 
4.3.1 Effect of temperature on the CdSe shell layer ........................................59 
4.3.2 Effect of growth time on the CdSe shell layer........................................60 
4.3.3 Effect of distance from source on CdSe shell layer................................61 
4.4 Characterization and optical analysis of type-II ZnO/CdSe core/ shell 
nanowires ................................................................................................................62 
厦
门
大
学
博
硕
士
论
文
摘
要
库
xiv 
 
4.4.1 Morphology.............................................................................................62 
4.4.2 Material structure ....................................................................................63 
4.4.3 Optical properties....................................................................................65 
4.5 Conclusions.......................................................................................................66 
References...............................................................................................................67 
Chapter V Synthesis of ternary alloy ZnO/ZnCdSe coaxial nanowires 
for photovoltaic applications .................................................................69 
5.1 Controlled growth of ZnCdSe shell layer on ZnO nanowire arrays...........69 
5.1.1 Effect of growth temperature on the ZnCdSe shell layer .......................70 
5.1.2 Effect of growth time on the ZnCdSe shell layer ...................................71 
5.1.3 Effect of distance from source on the ZnCdSe shell layer......................72 
5.2 Characterization and optical analysis of type-II ZnO/ZnCdSe core/shell 
nanowires. ...............................................................................................................73 
5.2.1 Morphology.............................................................................................73 
5.2.2 Material structure ....................................................................................74 
5.2.3 Optical properties....................................................................................78 
5.3 ZnO/ZnxCd1-xSe core/shell nanowires solar cell fabrication........................79 
5.4 Solar cell performance.....................................................................................81 
5.4.1 I-V characteristics and IPCE...................................................................81 
5.4.2 Time resolved photoluminescence..........................................................82 
5.5 Conclusions.......................................................................................................83 
References...............................................................................................................84 
Chapter VI Summary.............................................................................87 
References...............................................................................................................90 
PUBLICATIONS ....................................................................................91 
ACKNOWLEDGMENT ........................................................................92 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
